Abstract
Background
Nowadays, the synthesis of nitrogen containing heterocycles is an important direction in the fields of pesticidal chemistry [1] [2] [3] , medicinal chemistry [4] , polymer chemistry [5] , coordination chemistry [6] and industrial chemistry [7] . 1,2,4-Triazole derivatives and pyridine derivatives often display broad and diverse biological activities [8] [9] [10] . Some reports found that fused heterocycles generally displayed mixed properties of the corresponding single heterocycles. Many references proved that the fusing of triazole and pyridine rings was a good way to produce highly active compounds, such as herbicidal [11, 12] , antifungal [13, 14] , anticonvulsant [15] , antibacterial activity [16] . Furthermore, the acylhydrazone structure is considered an important pharmacophore in drug discovery [17] . In the past years, there have been many reports in the literature for the synthesis and biological activities of hydrazone derivatives [18] [19] [20] , such as acaricidal, anti-cancer, insecticidal, antifungal, antibacterial, antimicrobial and antileishmanial activity. In addition, hydrazones also are very useful starting materials in bioactive heterocycles, such as β-lactams, pyrazoles, and pyrazines.
In our previous work, many 1,2,4-triazolo [4,3-a] pyridine derivatives were designed and synthesized, which exhibit excellent and diverse activity [11] [12] [13] [14] . In line with our continuous efforts to synthesize bioactive lead compounds for crop protection [21] [22] [23] [24] [25] [26] [27] , the title 1,2,4-triazolo [4,3-a] pyridine derivatives were designed and synthesized by introducing acylhydrazone pharmacophore into the lead compound (Scheme 1).
Results and discussion

Synthesis
The key intermediate 8-chloro- [1, 2, 4] triazolo [4,3-a] pyridine-3-carbohydrazide was synthesized according to the Ref. [28] . Microwave technology was applied to the synthetic reaction to shorten the reaction time and increase the yield. First, the one pot synthesis of intermediate 1 under microwave irradiation was applied, but the result was not better than that of conventional condition. Then intermediate 1 was cyclized with diethyl oxalate lead to the intermediate 2 by a condensation reaction. At last, the 8-chloro- [1, 2, 4] triazolo [4,3-a] pyridine-3-carbohydrazide reacted with different aldehyde in ethanol was synthesized under microwave irradiation conditions. This reaction was completed with higher yields compared with the conventional mode of heating. The synthetic route is showed in Scheme 2.
The reaction parameters were optimized for the synthesis of title compounds. The title compounds were prepared from 8-chloro- [1, 2, 4] triazolo [4,3-a] pyridine-3-carbohydrazide and substituted aldehyde under microwave irradiation condition, leading to the desired compounds in 82-94 % yields. The compound 4d was chosen as a model reaction under different conditions. Several key reaction conditions were studied, such as reaction temperature, reaction times, reaction mode (conventional or microwave irradiation). The results are illustrated in Table 1 . From Table 1 , it is indicated that the microwave irradiation method allowed a shorter reaction time, compared with the room temperature or reflux condition. Also we can see that the yield of compound 4d is higher under microwave irradiation condition than that of room temperature or reflux condition. Under the microwave irradiation condition, the yield increase, when the reaction time is prolonged (10 min). Meanwhile, the longer reaction time held higher yield. From the Table 1 , the best reaction condition is 78 °C and 10 min.
All the compounds were identified and characterized by FTIR, 1 H NMR, 13 C NMR, 19 F NMR, MS and elemental analysis. In the 1 H NMR spectra of target compounds, all the -NH proton signals of the title compounds can be found around 10-13 ppm. The appearance of signals at ~7.0, ~7.5 and ~9.3 ppm are assigned to pyridine ring. The infrared spectrum of acyl hydrozone derivatives 4 showed absorption bands at 3139-3500 cm −1 for N-H stretching. The characteristic stretching vibrations ν (C=O) and ν (C=N) appears at 1657-1724, 1618-1686 cm −1 respectively. Meanwhile, most of the title compounds exhibited the M + H + peak in the ESI-MS results.
Antifungal activities and SAR
The antifungal activities of compound 4a-4q were evaluated in vivo at 100 μg/mL against Stemphylium lycopersici (Enjoji) Yamamoto (SL), Fusarium oxysporum sp. Cucumebrium (FO) and Botrytis cinerea (BC) and the bioassay results were listed in Table 2 . From Table 2 , Table 2 , the preliminary structure and activity relationship (SAR) analysis indicated that compound with electron donating group at para position of benzene ring exhibited significant antifungal activity against SL. For example, compound 4h(p-F), 4l(p-N(CH 3 ) 2 ), 4p(p-CF 3 ) and 4q(p-CH 3 ) displayed >50 % inhibitory activities. Also we found that the five-membered ring (Furan ring) held better activity against SL and FO than that of alkyl or aryl group. For the substituted salicylaldehydes, only compound 4i exhibited excellent antifungal activity against SL. On the other hand, single or poly substituted compounds on the benzene ring both showed good activity against FO.
DFT calculation and SAR
In order to study their structure-active relationship, we choose a highly active compound 4k and low activity compound 4c as model compounds; the frontier orbitals and LogP were calculated. The LogP, energy of HOMO and LUMO, total energy and energy gap are listed in Table 3 . The optimized structures of the compound 4c and 4k are presented in Fig. 2. From Fig. 2 , we can find that the orientations of amide groups are different. As we known, the conformation of compound is important for the biological activity due to the bind mode between the receptor and acceptor. So we speculate that the conformation of highly active compound is perpendicular between the 1,2,4-triazolo[4,3-a]pyridine ring and the aromatic ring. Otherwise, when the conformation of low active compound, the aromatic ring is parallel with the 1,2,4-triazolo[4,3-a]pyridine ring. These important clues will be helpful in the design of more potent compounds in the future.
Methods
Instruments
All the chemical reagents are analytical grade or prepared by our lab. Melting points were measured using an X-4 apparatus and were uncorrected. 1 H NMR spectra were recorded on a Bruker Avance 500 MHz spectrometer using DMSO-d 6 as solvent. 13 C NMR and 19 F NMR spectra were recorded on a Bruker Avance 600 MHz spectrometer using DMSO-d 6 as solvent. Mass spectra were determined on a Thermo Finnigan LCQ Advantage LC/ mass detector instrument. Elemental analysis data of title compounds were collected by a Perkin-Elmer 240C analyzer. CEM Discover Focused Synthesizer was used to carry out the microwave reaction (600 W, 2450 MHz).
Synthesis
The key intermediate 1, 2, 3 are synthesized according to our previous work [28] . The title compounds 4a-4q was synthesized from the intermediate 3 and different aldehydes or ketones in the solution of ethanol at the condition of microwave (150 w, 78 °C, 200 psi, 10 min). All the other compounds are synthesized according to the procedure (Scheme 2).
8-Chloro-N′-(1-phenylethylidene)- [1, 2, 4] triazolo [4,3-a] pyridine-3-carbohydrazide (4a) white yellow crystal, [4,3-a] 
-C h l o r o -N ′ -( 4 -( d i e t h y l a m i n o ) -2 -hydroxybenzylidene)-[1,2,4]triazolo
Antifungal activity
Antifungal activities of compounds 4a-4q against Stemphylium lycopersici (Enjoji) Yamamoto, Fusarium oxysporum. sp. Cucumebrium and Botrytis cinerea were determined according to our previous work [31] . The potted plants cucumber and tomato were used. The determine concentration of control zhongshengmycin, thiophanate-methyl, cyprodinil and the title compounds is 100 μg/mL. The three fungals Stemphylium lycopersici (Enjoji) Yamamoto, Fusarium oxysporum. sp. Cucumebrium and Botrytis cinerea were inoculated when the cucumber or tomato is at the stage of two seed leaves. The relative control efficacy of compounds comparing to the blank assay was calculated via the following equation:
where CK is the average disease index during the blank assay and PT is the average disease index after treatment during testing. All experiments were replicated three times.
Therotical calculations
The theoretical calculation was carried out using DFT methods. The geometry optimization of compound 4c and 4k was carried out at the B3LYP/6-31G level. The energies of HOMO, LUMO and total energy, energy gap are calculated. All these are carried out using the Gaussian 03 package [32] on the dell computer. The LogP was calculated by Chemdraw 7.0.
Conclusions
In conclusion, a series of novel 1,2,4-triazolo[4,3-a]pyridine derivatives containing hydrazone moiety have been designed by bio-rational method based on the former lead compound by us. Many compounds were found to show good antifungal activity. The further comprehensive structure-active relationship was described by using theoretical calculation method. Among them, compound 4k possessed excellent antifungal activities against Stemphylium lycopersici (Enjoji) Yamamoto and Fusarium oxysporum. sp. Cucumebrium.
